Cancer cells are known for their capacity to rewire metabolic pathways to support survival and proliferation under various stress conditions. Ketone bodies, though produced in the liver, are not consumed in normal adult liver cells. We find here that ketone catabolism or ketolysis is re-activated in hepatocellular carcinoma (HCC) cells under nutrition deprivation conditions. Mechanistically, 3-oxoacid CoA-transferase 1 (OXCT1), a rate-limiting ketolytic enzyme whose expression is suppressed in normal adult liver tissues, is re-induced by serum starvation-triggered mTORC2-AKT-SP1 signaling in HCC cells. Moreover, we observe that enhanced ketolysis in HCC is critical for repression of AMPK activation and protects HCC cells from excessive autophagy, thereby enhancing tumor growth. Importantly, analysis of clinical HCC samples reveals that increased OXCT1 expression predicts higher patient mortality. Taken together, we uncover here a novel metabolic adaptation by which nutrition-deprived HCC cells employ ketone bodies for energy supply and cancer progression.
Introduction
Compared with their normal counterparts, cancer cells are metabolically reprogrammed in order to obtain sufficient energy or additional stimuli to support rapid cell growth and proliferation [1, 2] . While cancer cells are known to consume glucose, glutamine and fatty acids disproportionately for energy as well as carbon and nitrogen sources for anabolism, nutrient limitation often occurs during tumor development. Increasing evidence has demonstrated that cancer cells are widely open to additional nutrient sources under nutrition-limiting conditions [3] . Two groups reported recently that a variety of cancer types consume acetate avidly to fuel cancer growth [4] [5] [6] . More recently, Loo et al. [7] documented that metastatic colorectal cancer cells rely on extracellular metabolite creatine to facilitate metastasis and cancer progression. Moreover, in addition to early reports that established lactate recycling as a significant fuel source for cancer progression [8, 9] , a most recent study showed that accumulated lactate facilitates hypoxia signaling to stimulate cancer growth [10] . Together, these significant findings all point to an alarming possibility that multiple seemingly wasteful metabolites are fuels for cancer cells, leaving it wide open for exploring potential alternative nutrients for tumors to shape up a comprehensive picture on cancer metabolism.
Ketone bodies comprise three distinct small molecules: acetone, acetoacetate (AcAc) and β-hydroxybutyrate (β-HB). The production of ketone bodies, or ketogenesis, mainly occurs in the liver where acetyl-CoA is first converted to AcAc, which is further catalyzed by β-hydroxybutyrate dehydrogenase (BDH1) to produce β-HB. While acetone is unable to be further metabolized to produce ATP, both AcAc and -HB are exported into bloodstream and consumed by extra-hepatic tissues, such as muscle, kidney or brain [11] . Of note, ketone bodies are also able to pass through the blood-brain barrier, entering the brain to serve as a major energy source during starvation [12] . For ketone body catabolism, or ketolysis, β-HB is oxidized back to AcAc also by BDH1. Next, succinyl-CoA donates its CoA to AcAc to form acetoacetyl-CoA (AcAc-CoA), a rate-limiting reaction catalyzed by 3-oxoacid CoA-transferase 1 (OXCT1, also known as SCOT). Acetyl-CoA acetyltransferase 1 (ACAT1) then converts AcAc-CoA to two acetyl-CoAs, which feed into tricarboxylic acid (TCA) cycle for ATP production [13] . For the whole organism, ketone bodies provide a fast and efficient way for energy supply during starvation, which links dietary lipids or adipose triglycerides to the TCA cycle and respiratory chain. As a key enzyme of ketolysis, OXCT1 is expressed abundantly in heart, brain and kidney; however, its expression is found to be repressed in adult liver and liver cell lines [14, 15] , largely considered as a mechanism to prevent a futile cycle of ketone body synthesis and catabolism in the same tissue. Hence, while it is well established that the liver is the major factory for ketone body production, up to date, there is no documentation showing that adult human liver cells could utilize ketone bodies as energy sources, at least to the best of our knowledge.
Recently, we investigated the metabolic adaptation of human hepatocellular carcinoma (HCC) cells under various stress conditions [16] [17] [18] . We have uncovered cMyc-mediated activation of serine synthesis pathway when glucose or glutamine is deprived [18] and HIF-1-mediated suppression of fatty acid β-oxidation when oxygen is scarce [16] . Further screening for changes of lipid metabolism-related genes led us to a surprising observation that a major enzyme for ketolysis, OXCT1, is dramatically induced in nutrition-deprived HCC cells. OXCT1 is known to be abundantly expressed in embryonic livers; however, its expression disappears in the adult liver, which has been suggested as the major reason for the absence of consumption of ketone bodies in adult livers [19] . Hence, the identification of high expression of OXCT1 in HCC cells led us to hypothesize that liver cancer cells, like that of fetal livers or the brain, might be able to use ketone bodies to fuel cell growth under nutrition-limiting conditions which, in fact, are unavoidable circumstances during cancer development. In this study, our results established that nutrition starvation promotes metabolic reprogramming of HCC cells by stimulating OXCT1 expression and consequent ketone body utilization for energy supply. Further exploration revealed that ketone body-derived ATP production diminished AMPK phosphorylation and autophagy during nutrition deprivation. Collectively, OXCT1 activation in liver cancer cells facilitates ketone body utilization as a self-serving fuel source for cell growth under nutrition limitation. These findings open a way for treating HCC patients by harnessing the dysregulated ketone body metabolism.
Results

Ketolysis is re-activated in nutrition-starved HCC cells to facilitate cell proliferation
Our recent work showed that fatty acid β-oxidation in cancer cells is inhibited to ease oxidative stress and to activate proliferative signaling under hypoxic microenvironment [16] . We further investigated lipid metabolic changes under specific nutrition-limiting conditions. We first cultured human HepG2 cells under glucose-, glutamine-or serum-starved conditions and performed reverse transcription and quantitative real-time PCR (qRT-PCR) to analyze the expression of lipid metabolism-related genes. Interestingly, we found that several major genes responsible for both ketogenesis and ketolysis are markedly altered by serum starvation ( Figure  1A ). While it was not surprising that expression of genes related to ketogenesis, such as BDH1 and HMG-CoA synthase 2 (HMGCS2), was activated in liver cells in response to starvation [20, 21] , it was unexpected that OXCT1, which encodes the key enzyme of ketolysis, was significantly expressed in HepG2 cells under serum starvation compared with normal culture conditions ( Figure  1A ). Consistent with qRT-PCR results, depletion of serum, but not glucose or glutamine, markedly stimulated OXCT1 protein expression in various HCC cell lines, including HepG2, Hep3B and PLC cells ( Figure 1B and Supplementary information, Figure S1A ). BDH1, which catalyzes reversible reaction in both ketogenesis and ketolysis, was also upregulated under serum starvation conditions ( Figure 1A , 1B and Supplementary information, Figure S1A ). We also observed that serum starvation elevated the protein levels of OXCT1 and BDH1 in a time-dependent manner in HepG2, Hep3B and PLC cells ( Figure 1C and Supplementary information, Figure  S1B ), but not in an untransformed liver cell line THLE3 [22] at either protein or mRNA levels ( Figure 1C and Supplementary information, Figure S1C ), indicating that serum starvation specifically activates OXCT1 and BDH1 expression in liver cancer cells.
Induction of expression of both BDH1 and OXCT1 by serum deprivation, two key enzymes for β-HB catabolism in mitochondria, suggested the activation of ketolysis in serum-starved liver cancer cells. Thus, we traced the metabolic flux of ketone body using 13 C-labeled [2, 4-13 C 2 ] β-HB by gas-chromatography-mass-spectrometry (GC-MS) analysis. Our results revealed that serum-starved HepG2 cells rapidly acquired the capacity of catabolizing 13 C-labeled β-HB into various TCA cycle metabolites such as citrate, succinate, fumarate, malate, glutamate and aspartate, while non-serum-starved HepG2 cells hardly utilized β-HB ( Figure 1D ). Similar results were observed in Hep3B and PLC cells (Supplementary information, Figure S1D ) and the steady state labeling of TCA metabolites by 13 C-labeled β-HB occurred between 24 and 48 h (data not shown). Consistent with previous reports [14, 19] , normal THLE3 liver cells lack the ability to metabolize β-HB under either condition ( Figure  1D and Supplementary information, Figure S1E ). Intriguingly, serum-starved HepG2 cells catabolized more β-HB when glucose and glutamine were simultaneously reduced in culture medium (Supplementary information, Figure S1E ). These results using metabolic tracing of 13 C-labeled β-HB collectively suggest an increased fraction of β-HB-derived acetyl-CoA entering TCA cycle to produce ATP under serum deprivation in HCC cells (Figure 1E) . Indeed, supplementation of exogenous β-HB gradually recovered cellular ATP levels in serum-starved HepG2 cells but not in THLE3 cells ( Figure 1F ). Furthermore, while additional β-HB had no effect on proliferation of HepG2 cells in normal culture conditions, it promoted proliferation of serum-starved HepG2 cells significantly ( Figure 1G ), demonstrating that HCC cells adapt to nutrition depletion stress by using β-HB as an energy source to facilitate cell growth.
OXCT1 is critical for induction of ketolysis in nutrition-starved HCC cells
Next, we sought to determine which enzyme(s) is critically responsible for nutrition starvation-induced ketone body catabolism in HCC cells. We first generated stable HepG2 cell lines, in which BDH1 or OXCT1 expression was knocked down with specific shRNAs (Figure 2A and Supplementary information, Figure S2A ) and cultured the cells with [2, 4- Figure S2A ), demonstrating that both BDH1 and OXCT1 are required for ketolysis of β-HB under stress conditions. On the other hand, forced expression of BDH1 or OXCT1 in HepG2 cells dramatically reduced the concentration of supplemented β-HB in culture medium ( Figure 2B ), suggesting that both BDH1 and OXCT1 promoted cellular uptake of β-HB. Further analysis showed that forced expression of BDH1 increased, while OXCT1 decreased, intracellular AcAc level in HepG2 cells, confirming that BDH1 and OXCT1 sequentially catalyze the consumption of β-HB ( Figure 2C ). However, it is very intriguing to observe that only overexpression of OXCT1, but not BDH1, markedly promoted catabolism of [2, 4- 13 C 2 ] β-HB into TCA cycle metabolites in HepG2, Hep3B and THLE3 cells ( Figure 2D , 2E and Supplementary information, Figure S2B ). Considering that OXCT1 is absent while BDH1 is abundantly present in normal liver tissues (Supplementary information, Figure S2C ), or under normal culture [14] , we concluded that it was the induction of OXCT1 expression, but not that of BDH1 expression, that was responsible for the reactivation of ketolysis in serum-starved HCC cells, albeit both enzymes catalyzing rate-limiting steps of ketolysis. Hence, we hereafter focused our study on OXCT1.
Most ketogenesis occurs in the mitochondria of liver cells where acetyl-CoA is sequentially catalyzed by HMGCS2 and HMGCL to produce AcAc and β-HB [23] . Indeed, our data showed that protein levels of HMGCS2 were increased in HCC cells (including HepG2 and Hep3B) as well as in normal liver cells (THLE3) under serum starvation (Supplementary information, Figure  S2D ), suggesting that both normal and HCC cells were able to generate ketone bodies. Further analysis of cellular β-HB and AcAc revealed that serum starvation elevated the levels of both ketone bodies in HepG2 cells (Supplementary information, Figure S2E ), indicating enhanced ketogenesis under serum starvation in HCC cells. Moreover, knockdown of OXCT1 led to further accumulation of both β-HB and AcAc under serum starvation (Supplementary information, Figure S2E ), demonstrating that ketone bodies produced by HCC cells could be utilized by themselves when OXCT1 expression was induced under nutrition-depleted conditions.
We observed gradually reduced cellular ATP levels by serum starvation in HepG2 cells, which was further reduced upon OXCT1 knockdown ( Figure 2F ). Consistently, knockdown of OXCT1 by shRNAs had no obvious effect on cell proliferation under normal conditions but completely blocked cell growth in serum-starved HepG2 cells ( Figure 2G ). More intriguingly, when OXCT1 expression was restored in OXCT1-knockdown HepG2 cells, ATP levels as well as cell growth were significantly recovered under serum starvation ( Figure 2H and 2I). Similar results were also observed in Hep3B cells (Supplementary information, Figure S2F and S2G). As these results were obtained when no exogenous β-HB was included in the culture medium, we hypothesized that cells with the expression of OXCT1 can use the ketone bodies produced by themselves, as hepatocytes are well-known as the major source of ketone body production and our results also showed enhanced production of ketone bodies under serum starvation (Supplementary information, Figure S2E ). To directly test this hypothesis, we manipulated the expression of HMGCS2, a critical ketogenic enzyme, and the results showed that, when ketone body production was suppressed by knockdown of HMGCS2, OXCT1-stimulated cell proliferation was largely abolished (Supplementary information, Figure  S2H and S2I). Intriguingly, in the presence of exogenous β-HB, OXCT1 overexpression can still promote cell proliferation in HMGCS2-knockdown HCC cells (Supplementary information, Figure S2I ). Taken together, these data demonstrate that OXCT1 expression is critical for maintaining cellular ATP homeostasis via ketolysis to sustain cell proliferation in HCC cells especially under nutrition starvation.
Activation of mTORC2-AKT-SP1 signaling induces OXCT1 expression and ketolysis in nutrition-limiting HCC cells
We then investigated the mechanism by which serum starvation activates OXCT1 expression and ketolysis in HCC cells. As reported previously [24] [25] [26] [27] , we observed that phosphorylation levels of AMPK, AKT1 and ERK1/2 were increased rapidly in response to serum starvation in HepG2 cells ( Figure 3A ). Consistent with previous reports that serum starvation stimulated NF-κB activity [28] , we found accelerated degradation of IκBα in serum-starved HepG2 cells, indicating potential NF-κB activation ( Figure 3A ). To identify the pathways that might be involved in serum starvation-induced OXCT1 expression, we treated HepG2 cells with various inhibitors under serum deprivation conditions, including compound C (an AMPK inhibitor), LY-294002 (a PI3K/ AKT inhibitor), PD98059 (an inhibitor of MEK which is an upstream effecter of Erk-1/2), EVP4593 (an NF-κB inhibitor) and Z-VAD-FMK (an apoptosis inhibitor). Surprisingly, only LY-294002 remarkably attenuated the serum starvation-induced mRNA and protein expression of OXCT1 ( Figure 3B ). Furthermore, knockdown of AKT by specific shRNAs blocked the activation of OXCT1 at both mRNA (Supplementary information, Figure S3A ) and protein ( Figure 3C ) levels under serum starvation conditions in HepG2 cells, demonstrating that AKT is involved in the activation of OXCT1 in nutrition-limiting HCC cells.
Since mTORC2 was reported to stimulate AKT phosphorylation at serine 473 [29] , we treated HepG2 cells with rapamycin to activate mTORC2. The results revealed that OXCT1 expression level was increased by treatment with rapamycin in HepG2 cells ( Figure  3D ). Knockdown of Rictor, an essential component of the mTORC2 complex, abolished the induction of AKT phosphorylation at serine 473 (Supplementary information, Figure S3B ) and OXCT1 expression ( Figure 3E ) by serum starvation, further demonstrating that mTORC2 acts upstream of AKT phosphorylation and OXCT1 induction under serum starvation.
A previous report showed that the promoter region of OXCT1 harbors two GC-box sequences which are potential binding sites of transcription factor SP1 [15] ; however, the precise contribution of these GC-box sequences to OXCT1 transcription has not been fully explored. Our western blot and qRT-PCR analysis revealed that knockdown of SP1 by shRNAs or blocking SP1 transactivity by mithramycin A (MIT), a specific SP1 inhibitor, significantly decreased OXCT1 expression level in serum-starved HepG2 cells ( Figure 3F and Supplementary information, Figure S3C ). Furthermore, forced expression of SP1 enhanced OXCT1 expression in HepG2 cells ( Figure 3G ), suggesting that SP1 is involved in OXCT1 regulation. Next, we inserted the OXCT1 promoter region or GC-box fragments (Supplementary information, Figure S3D ) into reporter plasmids and performed dual luciferase analysis. Serum starvation significantly enhanced the luciferase activity of OXCT1 promoter re- shRNAs and pGL2-OXCT1-promoter or pGL2-EV luciferase reporter vectors, and 24 h after transfection, medium was changed to normal (Nor) or SS for another 24 h, followed by dual luciferase assay. Data were presented as mean ± SD. *P < 0.05 as compared between the indicated groups. (I) HEK293 cells were co-transfected with pSIN-SP1 and pGL2-P-GCbox (GCbox-1/2 wt), pGL2-P-GCbox mutants (GCbox-1/2 mt) or pGL2-P-EV luciferase vectors. Dual luciferase assay were performed 24 h after transfection. Data were presented as mean ± SD. *P < 0.05 as compared between the indicated groups. (J) The occupancy of potential GC-box (GCBox-1/2) by SP1 was analyzed by ChIP assay in HepG2 cells cultured under normal (Nor) or SS conditions for the indicated hours using anti-SP1 antibody or IgG control. Data were presented as mean ± SD. *P < 0.05 as compared with corresponding Nor group. (K) HepG2 cells stably expressing SP1 shRNAs or NTC were further infected with viruses expressing pBaBe-myr-flag-AKT (myr-AKT) or pBaBe-EV, followed by western blot analysis of AKT1, p-SP1 (threonine 453 phosphorylation of SP1), SP1 and OXCT1 levels. (L) Schematic representation for serum starvation-activated OXCT1 transcription mediated by mTORC2, AKT and SP1. (M) HepG2 cells stably expressing AKT shRNA, SP1 shRNA or NTC were cultured under Nor or SS conditions for 48 h followed by incubating with 5 mM of [2, 4-13 C 2 ] β-HB for 24 h and subsequent isotope tracing of 13 C-labeled metabolites by GC-MS. Data were presented as mean ± SD. *P < 0.05 as compared with Nor-treated NTC group; # P < 0.05 as compared with SS-treated NTC group.
porter, which was attenuated by SP1 knockdown ( Figure  3H ). Furthermore, forced expression of SP1 enhanced the activity of the two luciferase reporters containing the wild-type (wt) GC-box but not the ones containing the mutant (mt) GC-box ( Figure 3I ), suggesting that SP1 stimulates OXCT1 expression by targeting these GCbox sequences in the promoter regions of OXCT1 under serum starvation. ChIP assay further confirmed that SP1
binds to these GC-box motifs in HepG2 cells, which was gradually enhanced by serum withdrawal ( Figure 3J ), indicating that OXCT1 is a direct transcriptional target of SP1. Taken together, these data demonstrate that SP1 binds to OXCT1 promoter and activates OXCT1 expression in serum-starved cells. AKT, as a kinase, is known to phosphorylate SP1, leading to SP1 activation [30] . Our western blot analysis showed that phosphorylation of threonine 453 on SP1 was markedly enhanced by serum depletion, which was blocked by AKT inhibition with LY-294002 in HepG2 cells (Supplementary information, Figure S3E and S3F), suggesting that AKT activated SP1 under serum starvation. Moreover, forced expression of constitutively active myristoylated AKT (myr-Akt) resulted in enhanced SP1 phosphorylation and OXCT1 protein expression in HepG2 cells ( Figure 3K ). Importantly, knockdown of SP1 with shRNAs abolished the induction of OXCT1 expression by myr-Akt ( Figure 3K ), providing evidence that SP1 acts downstream of AKT in the regulation of OXCT1. Taken together, these data demonstrate that the AKT pathway, activated by mTORC2 under serum starvation conditions, transcriptionally stimulates OXCT1 expression via phosphorylating SP1 ( Figure 3L ). Further, metabolic analysis by GC-MS revealed that knockdown of AKT or SP1 abolished serum starvation-induced catabolism of [2, 4- Figure S3G ), which is consistent with our findings that induction of OXCT1 expression was limited to the stress of serum starvation in HCC cells ( Figure 1A and 1B).
Ketolysis suppresses AMPK activation and autophagy in nutrition-starved HCC cells by elevating ATP production
Autophagy is activated as a cellular protective mechanism to sustain cell survival during serum starvation [31, 32] . However, prolonged or excessive autophagy could ultimately cause non-apoptotic type II programmed cell death [33, 34] . To explore whether OXCT1 is involved in autophagy regulation under serum deprivation, we analyzed the accumulation of LC3-II protein, a hallmark of autophagy. Western blot results showed that serum starvation-induced accumulation of LC3-II was further enhanced by OXCT1 knockdown in HepG2 cells (Figure 4A) . Autophagy was also analyzed by transfecting HepG2 cells with the GFP-LC3 fusion protein ( Figure  4B ). Consistent with western blot results, OXCT1 knockdown increased the percentage of cells displaying punc- HepG2 cells stably expressing OXCT1 or EV were injected subcutaneously into nude mice (n = 5 for each group). Tumor growth was measured starting from 9 days after inoculation, and tumors were extracted and compared at the end of the experiment. Data shown are mean ± SD. *P < 0.05 as compared with EV group. (B) Protein levels of OXCT1 and LC3-I/II were determined by western blot using the lysates from five independent tumors of each group as in A. (C) HepG2 cells stably expressing OXCT1 shRNA or NTC were injected subcutaneously into nude mice (n = 5 for each group). Tumor growth was measured starting from 9 days after inoculation, and tumors were extracted and compared at the end of the experiment. Data shown are mean ± SD. *P < 0.05 as compared with NTC group. (D) Protein levels of OXCT1 and LC3-I/II were determined by western blot using the lysates from five independent tumors of each group as in C. (E) HepG2 cells stably expressing OXCT1 or EV were subcutaneously injected into nude mice (n = 5 for each group). Starting from the inoculation, mice were administered with either saline or saline containing β-HB (500 mg/kg) by daily i.p. injection. Tumor growth was measured starting from 9 days after inoculation. Tumors were extracted and compared at the end of the experiment. Data shown are mean ± SD. *P < 0.05 as compared between the indicated groups. (F) Protein levels of OXCT1 and LC3-I/II were determined by western blot using the lysates of tumor tissues from each group as in E. tate fluorescence under serum starvation (Figure 4B ), confirming that knockdown of OXCT1 promotes cell autophagy under stressed conditions. On the other hand, restoring OXCT1 expression in OXCT1-knockdown HepG2 cells prevented cells from serum deprivation-induced autophagy, as assessed by LC3-II protein level as well as punctate GFP-LC3 fluorescence ( Figure 4C and  4D) , highlighting the protective effect of OXCT1 by restricting autophagy under serum deprivation. However, AICAR, an AMPK activator, abolished the protective effect of OXCT1 overexpression in HepG2 cells ( Figure  4C and 4D), suggesting that AMPK pathway might be involved in OXCT1-regulated autophagy under serum starvation.
AMPK is a key sensor of energy status and is activated in response to increased cellular AMP/ATP ratios after LKB1-mediated phosphorylation of the conserved residue Thr172 [35, 36] . Activation of AMPK has been reported to facilitate cell autophagy [37] . Consistent with previous reports, we observed increased phosphorylation of AMPK, indicating its activation during serum starvation ( Figure 3A ). To investigate whether AMPK is involved in the autophagy regulated by OXCT1 under serum starvation, we performed western blot to examine the Thr172 phosphorylation of AMPK in HepG2 cells. We found that forced expression of OXCT1 attenuated serum starvation-induced AMPK phosphorylation, while knockdown of OXCT1 elevated AMPK phosphorylation under serum starvation, which was abolished by overexpression of OXCT1 back into the HepG2 cells ( Figure  4E ). Taken together, these data suggest that AMPK pathway is involved in OXCT1-regulated autophagy under nutrition-deficient conditions in HCC cells. Since our data showed that OXCT1 was critical for maintaining cellular ATP levels by catalyzing ketone bodies under nutrition stressed conditions ( Figure 2F and 2H), we next studied the effect of supplement of exogenous β-HB on AMPK activation as well as cell autophagy in stress conditions. Western blot analysis revealed that exogenous β-HB attenuated serum starvation-induced AMPK phosphorylation in control cells but not in HepG2 cells expressing OXCT1 shRNAs ( Figure 4F ). Consistently, LC3-II protein as well as LC3 punctate fluorescence analysis revealed that supplement of exogenous β-HB protected cells from nutrition deprivation-induced autophagy in control but not in OXCT1-knockdown HepG2 cells ( Figure 4F and 4G) .
Further analysis showed that knockdown of AKT by shRNA boosted serum starvation-induced AMPK phosphorylation, LC3-II protein accumulation, and GFP-LC3 puncta formation, which were abolished by forced expression of OXCT1 in HepG2 cells ( Figure 4H and 4I). These data were consistent with our observation that AKT acts upstream of OXCT1, through regulating its transcription by activating SP1 under serum starvation ( Figure 3L ). Collectively, our data show that serum starvation stimulates AKT activation and its downstream OXCT1 expression, which facilitates ketone body catabolism to sustain cellular energy homeostasis. As a consequence, AMPK activity was inhibited to prevent excessive autophagy in nutrition-deficient HCC cells.
OXCT1 promotes HCC progression in vivo
The microenvironment of solid tumors provides a complicated milieu for tumor cell survival and growth, which features hypoxia, low PH, nutrient stress, among others. To evaluate the effect of OXCT1 on cancer cell proliferation in vivo, xenograft experiments in nude mice were performed. Forced expression of OXCT1 in HepG2 cells significantly accelerated its xenograft tumor growth ( Figure 5A and Supplementary information, Figure  S4A ). Western blot revealed that tumors generated from OXCT1-overexpressing HepG2 cells had lower LC3-II levels than control group (Figure 5B ), suggesting less autophagy in OXCT1-overexpressing xenograft tumor tissues, which is consistent with the data obtained from cells in culture ( Figure 4C and 4D) . On the other hand, stable knockdown of OXCT1 using shRNAs markedly retarded the growth of HepG2 cell xenografts ( Figure 5C and Supplementary information, Figure S4B ). Increased LC3-II levels were observed in tumor tissues generated from OXCT1-knockdown HepG2 cells (Figure 5D ), further highlighting the ability of OXCT1 to restrict autophagy, by which it promotes cancer cells to adapt to tumor microenvironment.
High-fat low-carbohydrate ketogenic diets have been studied in various tumor models for their effect on tumorigenesis, including lung cancer and medulloblastoma [38, 39] . However, it has never been documented whether high levels of ketone bodies have an effect on liver cancer progression in vivo. Encouraged by our results that ketolysis activation via OXCT1 promotes HCC proliferation both in vitro and in vivo, we tested the effect of ketogenic diet on HCC growth in mouse models. Surprisingly, ketogenic diet did not promote HCC growth regardless of OXCT1 overexpression (Supplementary information, Figure S4C ). Analysis of the glucose and ketone bodies in mice indicated that, while the ketogenic diet we used in mice resulted in higher serum levels of ketone bodies, it also substantially decreased serum glucose levels and mouse body weights (Supplementary information, Figure S4D ), which potentially diminished the glucose supply that fuels tumor progression via the Warburg effect. Hence, we next modified our strategy of ketone body administration by daily intraperitoneal (i.p.) injection of β-HB. Our analysis confirmed elevated serum levels of ketone bodies but no fluctuation in glucose levels and mouse body weights after i.p. injection of β-HB (Supplementary information, Figure S4E ). Intriguingly, we observed that the ketone body administration significantly promoted HCC cell growth in vivo when OXCT1 was overexpressed ( Figure 5E ). Western blot analysis further revealed that, similar to OXCT1 overexpression, β-HB administration also reduced LC3-II levels in tumor tissues ( Figure 5F ), confirming the protective effect of β-HB administration on cancer cell survival in vivo.
Aberrant OXCT1 expression predicts patient mortality in clinical HCC
We then explored the potential clinical significance of ketolysis re-activation as a result of induced expression of OXCT1 in HCC development. First, we sought to determine the levels of serum β-HB and OXCT1 expression in the patients with liver cancer. Our results revealed that HCC patients have significantly higher levels of serum β-HB as compared with normal subjects ( Figure 6A ). Ketolysis-related enzymes were also studied in 20 paired HCC lesions and adjacent noncancerous tissue samples. Among the enzymes, only OXCT1 mRNA levels were significantly increased in HCC lesions compared with adjacent normal tissues ( Figure 6B and Supplementary information, Figure S5A ). Although BDH1 expression is increased upon serum starvation in HCC cell lines, we did not observe significant difference in its mRNA levels between HCC lesions and adjacent normal tissues (Supplementary information, Figure S5A ). Furthermore, western blot analysis showed that, besides the increase in total and phosphorylated SP1 levels as previously reported [30] , OXCT1 protein levels were increased in HCC tissue compared with adjacent normal tissue ( Figure  6C ). Table S1 ). IHC results revealed that OXCT1 protein was generally negative in normal liver, weak in early-stage HCC (TNM stages I and II) and abundant in late-stage HCC (TNM stages III and IV) ( Figure 6D ). High power microscopy (400× magnification) revealed enrichment of OXCT1 expression in malignant hepatocytes. Quantitative analysis of the IHC images revealed that OXCT1 expression level in clinical stages I-IV primary tumors was significantly increased compared with that in normal liver tissue ( Figure 6E ). Moreover, expression of OXCT1 was drastically upregulated in late-stage HCC (stages III and IV) as compared with early-stage HCC (stages I and II; Figure 6E and Supplementary information, Table S2 ), suggesting that OXCT1 expression is gradually elevated as HCC progresses to a higher clinical stage. Further, Spearman analysis showed correlations between OXCT1 expression and patient clinicopathological characteristics, including survival time, vital status, clinical stage, and tumor size (Supplementary information, Table S3 ), further indicating a strong association of OXCT1 expression with HCC clinical staging and patient survival. Univariate analysis showed that, together with TNM stage and tumor size, OXCT1 level is a significant prognostic factor and is predictive of the overall survival of HCC patients (Supplementary information, Table S4 ). Finally, Kaplan-Meier tests indicated that OXCT1 expression in HCC patients was significantly associated with survival time, with patients expressing low levels of OXCT1 in their HCC lesions surviving much longer than those with high OXCT1 expression ( Figure 6F ), suggesting that OXCT1 protein may represent a promising prognostic biomarker in HCC.
Discussion
Since nutrient-limiting conditions are not uncommon during cancer development [40] , we are interested in what pathways or which fuels might provide alternative sources for energy production in starved cancer cells. Using a screening approach to determine changes of lipid metabolism-related gene expression induced by nutrition stresses, we have discovered that the expression level of OXCT1, a key enzyme for ketone body catabolism, is dramatically increased in serum-starved liver cancer cells ( Figure 1A and 1B) . Further GC-MS analysis reveals that serum starvation activates β-HB catabolism for energy production and cancer progression in liver cancer cells, but not in normal liver cells or cancer cells cultured under normal conditions ( Figure 1D and 1F) . β-HB is the most abundant circulating ketone body in the organisms, and is a "super-fuel" that burns more efficiently to produce ATP energy than glucose or fatty acid during fasting [41] . However, previous studies showed that OXCT1 is expressed in the mouse embryonic liver, and then its expression gradually decreased during hepatocyte maturation [19] . Thus, despite being the main organ for ketogenesis, the liver expresses little OXCT1 relative to other organs. It is therefore generally believed that adult liver cells do not use ketone bodies for energy due to lack of OXCT1 expression. It is very intriguing to uncover in the present study that expression of OXCT1 is activated by serum starvation-triggered mTORC2-AKT-SP1 signaling in HCC cells (Figure 3 ), resulting in utilization of ketone bodies for ATP production and cell proliferation via repression of AMPK activation and autophagy (Figure 4 ). This finding indicates that liver cancer cells consume ketone bodies as a convenient fuel to promote survival and progression under stressed conditions. In short, we uncover here a rewired novel metabolic pathway by which ketolysis is re-activated in nutrition-limiting HCC cells for energy supply and cancer progression.
As the sole mechanism to degrade large structures such as organelles and protein aggregates, autophagy is an evolutionarily conserved process in eukaryotic cells that eat parts of themselves in order to survive. The autophagy level is very low under homeostasis conditions. However, when cells encounter environmental stresses such as nutrition or oxygen deprivations, autophagy increases dramatically as a mechanism of adaptation for overall survival [42, 43] . While increasing evidence links autophagy to cancer, the roles of autophagy in cancer development still remain controversial. Early reports established that cancer cells often have lower autophagic capability or protein degradation rates than their normal counterparts [44] . Autophagy-deficient transgenic mice often caused a high incidence of lung cancer, hepatocellular carcinoma and lymphoma, which suggests that dysregulation of autophagy contributes to tumorigenesis [45, 46] . However, significant autophagy did occur in amino acid-, glucose-, or oxygen-deprived cancer cells, which might be triggered to protect tumor cells by degrading the damaged organelles [33, 47, 48] . Signaling from energy-or nutrient-sensitive AMPK is essential for the nutrient sensing of the autophagy pathway, underlining energy limitation as a major cause for autophagy. Hence, we envision that, if activation of AMPK is to sense the low energy stress to trigger degradation of cellular components, as autophagy is so defined, for the overall survival of cancer cell population, a better strategy for cancer cells to adapt to nutritional stresses would be to exploit additional energy sources to bypass autophagy. Indeed, we observed that AMPK-mediated autophagy was drastically attenuated by OXCT1 induction in serum-starved HCC cells. Mechanistically, induction of OXCT1 promotes ketolysis, leading to elevated ATP levels and suppressed AMPK activity. Thus, here we provide a new mechanism whereby cancer cells rewire metabolic pathway for extra energy sources to bypass excessive autophagy during cancer development.
We observed that ketogenesis was critical for OXCT1-stimulated HCC cell survival and proliferation under stress conditions (Figure 2 ). When HMGCS2, a rate-limiting ketogenesis enzyme, was knocked down in the absence of ketone bodies in the culture medium, the growth advantage conferred by OXCT1 expression was abolished. Addition of ketone bodies to the culture medium restored OXCT1-stimulated cell growth (Supplementary information, Figure S2I ). These results demonstrate that OXCT1-mediated HCC survival and growth depend on consumption of ketone bodies. Of note, HCC cells lacking both HMGCS2 and OXCT1 exhibited a lower proliferation rate compared with cells harboring both (Supplementary information, Figure S2I ). This result suggests that an active flow of ketogenesis and ketolysis is important for an optimal proliferation of HCC cells, the mechanism of which warrants future investigation. It is possible that besides modulating ATP levels, an active ketogenesis and ketolysis flow may have broader effects on HCC development. For instance, previous reports documented signaling roles of ketone bodies via HDAC inhibition [49] or GPR109A signaling [50] . More-over, consistent with the ability of OXCT1 to catalyze the conversion of succinyl-CoA to succinate, OXCT1 overexpression led to elevation of both 13 C-incorporated succinate and 12 C-succinate levels (Supplementary information, Figure S1F ). The increased 12 C-succinate potentially represents succinyl-CoA-converted succinate during β-HB catabolism (Supplementary information, Figure S1G ). Thus, further study is warranted to explore the possibility that OXCT1-stimulated increase in succinate level and subsequent succinate metabolism may play additional pro-tumor roles.
It is intriguing that we identified mTORC2-AKT as the upstream factor to trigger OXCT1 expression under serum starvation condition. AKT is a well-known survival factor whose activation contributes to human HCC development [51] . It is worthwhile to note that, while AKT was reported to be inactivated by growth factor deprivation under serum starvation [52] , serum withdrawal also widely increased AKT phosphorylation and activity in human cancer cells under different conditions [25, 27, 53] , especially in serum-starved hepatoma cells [26] . Those results are in agreement with the pro-survival role of AKT. While we could not rule out other mechanisms that might be involved in sustaining OXCT1 expression, it is important to note that we have provided several lines of evidence to clearly establish the regulatory role of mTORC2-AKT-SP1-OXCT1 in the re-induction of hepatocellular ketolysis in cancer cells ( Figure 3C -3G, 3K and 3M). One of the well-defined mechanisms for AKT to promote survival is to counteract AMPK activation by mTORC2-AKT-SP1 pathway to suppress autophagy [54] . Hahn-Windgassen and colleagues first provided the evidence that AKT diminished AMPK activity by increasing cellular ATP levels [55] . Here, we provide new evidence that mTOR-AKT-mediated induction of OXCT1 was sufficient to elevate cellular ATP production by stimulating ketone body catabolism, which subsequently diminished AMPK activity and inhibited AMPK-mediated autophagy in nutrition-limited liver cancer cells (Figure 7 ). Our novel results here added another layer of complexity to the multifaceted roles of AKT in promoting cancer cell survival and proliferation.
The cell growth assays in vitro and in vivo suggest that OXCT1 expression in HCC cells promotes cancer progression ( Figures 2G, 2I, 5A and 5C ). This is very interesting considering that OXCT1 expression and ketolysis are absent in normal hepatocellular cells, positioning OXCT1 as a potential target for HCC therapy. Indeed, our xenograft experiments demonstrated that elevated ketone body levels significantly promoted HCC cell growth in vivo when OXCT1 was overexpressed ( Figure  5E ). These results prompted us to explore directly the potential clinical relevance of the deregulated ketone body metabolism to HCC development. Significantly, we observed elevated serum β-HB levels in HCC patients compared with normal controls (Figure 6A ), suggesting that ketone bodies, produced by both malignant and normal tissues, are readily available as a potential fuel source for cancer development. We further observed clinical correlation of aberrant OXCT1 expression with HCC development and patient survival, suggesting that deregulated expression of OXCT1 predicts patient mortality ( Figure 6D-6F ). This correlation might be highly relevant for understanding the pathogenic role of the deregulated ketone body metabolism during liver cancer development, further suggesting a potential rationale to target HCC-specific OXCT1 pathway in general for liver cancer therapy.
Materials and Methods
Cell culture and reagents
Human HepG2, Hep3B, PLC, HEK293 and HEK293T cells were cultured in DMEM medium containing 25 mM glucose, 4 mM L-glutamine and 1 mM pyruvate (Gibco, 12800). THLE3 cells were cultured in BEGM (LONZA, CC3170). The media were supplemented with 1% penicillin-streptomycin and 10% FBS. For serum starvation, cells were washed twice with PBS and cultured in the medium without FBS. DL-β-hydroxybutyrate (H6501), LY-294002 (L9908), PD98059 (P215), EVP4593 (SML0579) and AICAR (A9978) were purchased from Sigma-Aldrich. Compound C (Santa cruz, sc-200689), Z-VAD-FMK (Selleck, S7023), Rapamycin (Selleck, S1039), Mithramycin A (TOCRIS, 1489) were also used to treat cells with vehicle as control.
qRT-PCR
Total RNA was isolated using Trizol followed by DNase (Ambion) treatment and reverse transcription with iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR was performed using SYBR Green master mix (Vazyme) on a Bio-Rad iCycler. Primer sequences used were shown in Supplementary information, Table S5 . All samples were normalized to 18S rRNA.
Western blot
Cells were lysed with RIPA buffer and equal amounts of protein in the lysates were boiled and fractionated by 7%-10% SDS-PAGE. Primary antibodies against the following proteins were used: BDH1, OXCT1, OXCT2, ACAT1, ACAT2, SP1, HMGCS2, HMGCL, and β-actin (from Proteintech); IκBα and NF-B (from Santa Cruz); AMPK, p-AMPK (Thr172), AKT, p-AKT (ser473), ERK1/2, p-ERK1/2 (Thr202/Tyr204) (from Cell Signaling Technology); p-SP1 (Thr453), HMGCS2 (from Abgent); LC3 (Novus Biologicals). Signal was detected using Western ECL Substrate (Bio-Rad).
GC-MS analysis of metabolites
Cells were incubated in the culture medium supplemented with 5 mM [2, 4-13 C 2 ]-labeled β-hydroxybutyrate (Sigma Aldrich, 674117) under the indicated conditions. Metabolites were extract-ed from cells as previously described [56, 57] . Briefly, each group of cells was collected and immediately flash-frozen in liquid N 2 , metabolites were extracted with ice-cold methanol and lysates were centrifuged at 18 000× g for 15 min to remove protein. The supernatant was dried in an evaporator and resuspended in 200 µl of pyridine. Metabolites were further derivatized by addition of 50 µl of MTBSTFA containing 1% t-BDMCS at 60 °C for 1 h. Samples were analyzed using Agilent 5MS column in the Agilent 7890/5975C GC/MS system (Agilent Technologies, Santa). Peaks representing each metabolite were extracted and integrated using MassHunter software (Agilent Technologies). 13 C-Labeled metabolite data are presented as percentage of 13 C-labeled metabolites, which was calculated by dividing the labeled ions with total ion intensity. The labels are irrespective of carbon position. The distribution of mass isotopologues was corrected for natural abundance. We used IsoCor, a scientific software designed for the purpose of isotope labeling experiments, to correct the raw MS data for both all naturally-occurring isotopes and purity of the isotopic tracer [58] . The website for the software (IsoCor) is http://metasys.insa-toulouse.fr/software/isocor/.
Cellular ATP measurement
ATP levels were determined by luciferin-luciferase-based ATP Assay Kit (Promega) with luminescence reader (Promega). Luminescence was normalized to the protein concentration.
Plasmids and establishing stable cells shRNAs in PLKO vector against OXCT1, BDH1, AKT, SP1
and Rictor were commercially purchased (Sigma-Aldrich). Coding sequences of human OXCT1, BDH1, SP1 or GFP-LC3 was subcloned into pSIN lentiviral vector. OXCT1 was also inserted into pSIN-3×flag lentiviral vector. pBabe-puro-myr-flag-AKT vector was purchased from Addgene (Plasmid #15294). Oligonucleotide sequences of shRNA targeting OXCT1 3′UTR (2 674-2 696) was inserted into PLKO vector at EcoRI and AgeI sites (5′-CCGGAG-GGCTGTGGGATAATTTACCCTCGAGGGTAAATTATCCCA-CAGCCCTTTTTTG-3′, 5′-AATTCAAAAAAGGGCTGTGG-GATAATTTACCCTCGAGGGTAAATTATCCCACAGCCCT-3′). Transduction and viral infection was performed as previously described [59] .
β-HB and AcAc measurements
β-HB Assay Kit (Cayman) was used to measure extracellular β-HB in cell culture medium as well as intracellular β-HB in cell lysates. Intracellular AcAc was measured using AcAc Assay Kit (BioVision). All measurements followed the manufacturer's instructions and the values were normalized to protein concentration.
Dual luciferase reporter assay
Human OXCT1 promoter sequences were inserted into the pGL2 basic luciferase reporter vector (Promega), designated as pGL2-OXCT1 promoter. Two GC-box and their mutated sequences were inserted into the pGL2-promoter reporter vector (Promega) in which luciferase coding sequences were driven by a minimal SV40 promoter, and designated as pGL2-p-GCbox-1/2 wt and pGL2-GCbox-1/2 mut. HEK293 cells were seeded in the 48-well plate. After overnight incubation, cells were co-transfected with 100 ng of firefly luciferase reporter plasmid, 4 ng of pSV-Renilla plasmid, and the indicated plasmids followed by culturing in normal or serum-free medium. Luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalized to renilla luciferase activity.
ChIP assay
ChIP assay was performed with an EZ-ChIP kit (Millipore) following the manufacturer's instruction. Briefly, cells were sonicated by Bioruptor Sonication System UCD-300. DNA was immunoprecipitated by Rabbit IgG or SP1 (Proteintech) antibody, followed by qRT-PCR analysis using the following primers: SP1 GCbox-1-forward: 5′-TGAGGCGCTGAGAGGAACTT-3′, GCbox-1-reverse: 5′-TCGACAGCGCGTCGATGACGT-3′; GCbox-2 forward: 5′-CACTTCTTTTAAAAGCAGCAGCC-3′, GCbox-2 reverse: 5′-TGAGGCAGGAGGAGGCTGC-3′.
Fluorescent confocal microscopy
Fluorescent confocal microscope (ZEISS710) and ZEN microscope imaging software (ZEISS) were used to acquire and analyze the images. The percentage of cells with punctate GFP-LC3 fluorescence was calculated.
Animal studies
All animal studies were conducted with approval from the Animal Research Ethics Committee of the University of Science and Technology of China. For xenograft experiment, each group of HepG2 cells (5 × 10 6 ) was injected subcutaneously into nude mice (SJA Laboratory Animal Company). For ketone body injection experiment, mice were administered with either saline alone or saline containing β-HB (500 mg/kg) by daily i.p. injections. For ketogenic diet experiment, mice were fed under ketogenic diet (KD) or normal diet (ND) condition. The ingredients of the ketogenic diets were shown in Supplementary information, Table S6 . Mouse body weight, blood glucose and β-HB levels were monitored during the experiments. Mouse blood was obtained from tail clips and blood glucose and β-HB were measured using a Free Style Optium Blood Glucose and Ketone Monitoring System (Abbott Diabetes Care Ltd., UK). Tumor volumes were calculated using the following formula: width (mm) × depth (mm) × length (mm) × 0.52.
Measurement of serum β-HB in normal subjects and HCC patients
The serum samples of 29 normal subjects and 35 HCC patients were collected by the Department of General Surgery, Anhui Provincial Hospital. To use these clinical materials for research purposes, prior patients' written informed consents and approval from the Institutional Research Ethics Committee of Anhui Provincial Hospital were obtained (Approval No. 201367). Serum β-HB was measured by β-HB Assay Kit (Cayman).
Clinical human tissue specimen
The normal liver tissues were collected from patients undergoing resection of hepatic hemangiomas at the Department of Hepatobiliary Surgery, the First Affiliated Hospital of Sun Yat-sen University. Formalin-fixed, paraffin-embedded primary HCC specimens obtained from 158 patients were randomly selected from the archives of the Sun Yat-sen University Cancer Center (Guangzhou, China). The 20 paired HCC lesions and the adjacent noncancerous clinical tissue samples were collected from HCC patients. To use these clinical materials for research purposes, prior patients' written informed consents and approval from the Institutional Research Ethics Committee of Sun Yat-sen University Cancer Center were obtained. Tumor clinical stages were defined according to the 2002 American Joint Committee on Cancer/International Union against Cancer tumor/lymph node metastasis/distal metastasis (TNM) classification system [60] .
IHC
IHC staining was quantitatively analyzed with the AxioVision Rel.4.6 computerized image analysis system assisted with the automatic measurement program (Carl Zeiss, Oberkochen, Germany). Ten representative staining fields of each section were analyzed to verify the Mean Optical Density (MOD). The MOD data were statistically analyzed by t-test to compare the average MOD difference between different groups of tissues.
Statistical analysis
The relationship between OXCT1 expression and clinicopathological characteristics was analyzed by the X 2 test. Survival curves were plotted by the Kaplan-Meier method and compared using the log-rank test. Data are presented as the mean ± SD of at least three independent experiments. Statistical significance (P < 0.05) was assessed by the Student's t-test unless otherwise noted.
